The development of distributed generations (DGs) is essential to help solve energy crises and improve the reliability of electricity supplies. However, the involvement of a DG in a grid along with an increase of the nonlinear load will reduce the power quality. To solve this problem, we want the converter used in the DG to work flexibly, intelligently, and more accurately. To contribute to the improvement of quality of the DG, this paper proposes a multifunction converter (MFC) model. With the proposed model, the photovoltaic generator, which can be operated at harmonic suppression, and the power injection are more flexible than in the conventional controller used in DG. The controller of the MFC, which is designed based on the Lyapunov function, always ensures the stability of the system. Simulations and experimental results are presented to validate the correctness and effectiveness of the proposed model.
Introduction
In recent years, the issues of energy crises and environmental pollution have attracted the attention of countries all around the world. One direction of interest is looking for a clean energy (renewable energy) alternative to traditional fossil energy sources, where solar and wind energies are 2 correct and indispensable choices. The participation of renewable energy sources in the traditional power grid in the form of distributed generations (DGs) has formed a concept called a microgrid. In the 2 abovementioned renewable energies, solar energy seems more popularly exploited because of its advantages. Many research projects aiming at efficiently exploiting solar energy have been introduced. The model of the solar battery [photovoltaic (PV)] system was presented in [1] [2] [3] .
Concerns about the method of determining the maximum power point tracking (MPPT) of the PV module were presented by Hussein et al. [4] . Issues related to the optimum configuration of PV modules have also received attention from researchers [5, 6] . The PV system is an important module of a PV generator (PVG); it acts as a primary energy source for PVGs. For grid connection and power injection (POI) to the utility grid of PV systems, the DC-DC converter and the DC-AC inverter are used. The general model of a PVG connection and POI to the utility grid was presented in [7] [8] [9] . In such works, the full controlling method used in the PVG generates maximum output power and can be operated as the proposed reactive power compensator. With the controller presented in [7] [8] [9] , the output reactive and active power of a PVG can be controlled at the same time, such as in a conventional synchronous generator in the power system.
As above, the development of the DG is essential to help solve energy crises and improve power supply reliability. However, the involvement of DGs on the main grid, along with the increase of the nonlinear load, leads to reduced power quality (mainly frequency oscillations, voltage fluctuations, and harmonic currents), in which the harmonic current is most interesting, especially in the grid-connected mode of the microgrid. One solution to reduce the harmonic currents in the grid generated by the DGs and nonlinear loads is to improve the control quality of the DC/AC inverters. In addition, the most effective technical solution is using active power filters (APFs). The model and control techniques of the APF were studied, implemented, and effectively applied in the utility grid [10] , and then Luo et al. presented a new hybrid APF model, which can be applied in a medium-and high-voltage grid [11] [12] [13] [14] . Energy sources to provide for the APF are usually taken from the main grid through a rectifier. Toward the use of solar energy in improving power quality, studies using PV systems as a primary energy supply for APFs were analyzed and presented in [15] [16] [17] . In addition, to exploit a solar radiation source efficiently, some flexible patterns combining the PV system and energy storage devices were studied and applied [18] [19] [20] .
Everything presented above shows that the work on the exploitation and effective use of PV systems has been implemented and has satisfied our expectations. However, we expect the operating grid to be smarter, more flexible, reliable, and have better quality, especially in a microgrid system. For this, one of the basic requirements is that electrical devices in the utility grid work more adaptably and more intelligently. With such requirements, there are some further studies on this problem aiming to make the controller of the PVG more flexible, and they will be presented here. In [15, 16] , Wu et al. proposed a current controller based on amplitude-clamping and amplitude-scaling algorithms; the purposes of this control method are to prevent the output current from exceeding the switch rating and help a PVG change operation modes with more flexibility. Nevertheless, the determination of the inverter current command is too complicated in this proposed method. Moreover, in this work, active and reactive powers and distortions are controlled by complex control coefficients. The stability of the control system depends on the control coefficients and insecurity. Another solution for the grid-connected generation and harmonic compensation of the PV system is to adopt a dual-level inverter [21] [22] [23] . The advantages of this solution are a simple control and server and the dual purpose it gave the POI to utilize grid ability and, at the same time, solve the harmonic compensation problem. However, this is not an ideal solution, because it must be used through 2 insulated-gate bipolar transistor (IGBT) bridges (increasing the cost of implementation) and, actually, they work as 2 separate converters. To overcome such problems, a flexible control method through the harmonic voltage signals using a voltage source inverter (VSI) was introduced in [24, 25] . With this control method, the reference signal for the control system of a PVG is the harmonic voltage, and a PVG can perform 2 functions simultaneously; it can inject power to the utility grid and reduce harmonic currents. However, the harmonic voltages are insignificant compared to the current, so the reference signal for the control system of the PVG based on the harmonic voltages will make the sensitivity of the system lower, especially in the grid-connected mode of the microgrid.
To contribute to the improvement of the quality and efficiency of the power electronic converters used in the PV system, this paper presents a flexible control model used in PVGs. With the proposed model, a PVG can automatically or manually switch control between the 2 modes [POI mode or harmonic suppression (HAS) mode], depending on the status of the utility grid, the weather conditions, and the requirements of the operator.
There are many control concepts and strategies for grid-connected converters, such as linear feedback control, nonlinear control, repetitive control, neural network approach, and adaptive control, that have been reported in the literature [26] . In this paper, the incorporated controller, based on the Lyapunov control technique [26] [27] [28] , allows flexible control of the operating modes and stability of PVG is proposed. Simulations and experimental results are provided to validate the correctness and effectiveness of the proposed model. The rest of paper organized as follows: configuration of the PVG is presented in Section 2 and the block diagrams of the control system of the PVG are presented in Section 3. Section 4 presents the multifunction controller (MFC) controller design method. Section 5 shows the simulation and experimental results in different cases. Finally, the conclusions are presented in Section 6.
System description
The configuration of the PVG is shown in Figure 1 . It consists of a PV array connected to a series with a DC-DC converter, called a PV-DC source block. Next, the PV-DC source is connected to a series with the VSI, as shown in Figure 1 (note that in the dynamic analysis, the PV-DC source can be considered as an equivalent capacitor C pv , as shown in Figure 1 ). In Figure 1 , the inductor L f and capacitor C f form a low-pass L-C filter that removes the high-frequency switching harmonics generated by the VSI of the PVG. In fact, only the low-frequency harmonics (5th, 7th, and 11th) have a significant effect on the power quality of the main grid, so for simplicity in calculation, capacitor C f can be omitted. The coupling inductor L c (shown in Figure 1) acts as a connecting inductor, where its main role is to reduce the current oscillation when there is a closedopen connection between the PVG and the main grid. The amount of active power injected from the PVG is determined by the PV array output voltage and current. The MPPT control circuit is an important part of the PV-DC source; its objective is to set up the PV-array output reference voltage corresponding to the PV array maximum power [4] . The inputs of the MPPT controller are the output voltage and current of the PV array.
The most important block in each PVG is the VSI, which acts not only as the DC-AC converter, but also as the MFC of the PVG in this work. The utility grid voltage at the command point and DC-link bus voltage are sensed through proper voltage-sensing circuitry; the actual load and PVG currents are sensed using a current sensor. The sensed signals become the input signals of the control system. The details of the multipurpose control method for the VSI based on the Lyapunov function are presented in the next section.
Block diagram of the control system
The block diagram control system of the PVG proposed in this paper is shown in Figure 2 , which consists of a MPPT controller, phase-locked loop (PLL) module, 3-phase coordinates to the dq0 frame transformer, load harmonic current calculator, mode selector, determining control signal module based on the Lyapunov control technique, and pulse-width modulation generator. For the MPPT controller, to improve the efficiency of the PV system, we adopt a new topology for the DC-DC converter along with the global MPPT algorithm, which was proposed in [29] by Koutroulis et al. In the proposed MPPT method, the maximum power points of the PV system are controlled by the PVarray side, whereas the harmonic currents of utility grid are controlled by the utility side. With the proposed system controller, the optimal output power of the PV system can be determined to achieve the desired features when the PVG is operated from injected power to the utility grid mode. With the PLL module, for simplicity of implementation and decrease of the time-delay, a PLL structure based on a second-order generalized integrator (SOGI-PLL) [30] is adopted in this work. The structure of the SOGI-PLL is shown in Figure 3 . The correct estimation and measurement of harmonic currents are an important issue. If the power frequency of the signal is steady and near the nominal value, discrete Fourier transforms (DFTs) can be used and good estimation performance is achieved. However, there are considerable power frequency variations on an isolated system, such as a microgrid working in stand-alone mode. When these variations occur, they may introduce substantial phase errors in estimates using the DFT.
In order to deal with this problem and realize our aims in a digital signal processor (DSP) for real-time implementation easily, the sliding DFT (SDFT) [25, 31] is used in load harmonic current calculation. The inside of the circuit diagram of the harmonic's calculation block, using the SDFT technique, is shown in Figure 4 . The output of this block, respectively, is obtained using the fundamental current i F dq , the harmonic current i Hdq , and the total harmonic distortion (THD) of the load current. The next block is the mode selector; it allows the selection of operating situations. When selecting the manual mode, a PVG only operates in single-function mode (to inject power into the utility grid or suppress harmonic currents). In contrast to manual mode, in automatic mode, a MFC will automatically change the operating situation according to the input signals, such as the THD of the load current, the balance between the power generation and power demand status in the main grid, and weather conditions. The threshold of the input control signals can be changed through control programs.
The final block is the multifunction controller based on the Lyapunov control technique. This is the most important module; it is the center of the control system used in the PVG. The input signals of this block are the output signals of the mode selector, harmonic calculator, PLL block, and DC-link bus voltage. The main role of this block is to create a global switching function in the PWM generator module in both operating situations of the PVG (to inject power into the utility grid and suppress the harmonic currents). The details of this block are presented in the next section.
Multifunction controller design based on the Lyapunov function

Generalized mathematical model of the PVG
As mentioned above, for simplicity in the calculation, capacitor C f can be ignored, and then an equivalent single-phase circuit of the PVG is shown in Figure 5 , in which
Kirchoff's laws for circuits in Figure 5 , we have:
where ξ = (a, b, c), j = (a, b, c), and v pvξ = v jo ′ (note that the notation "•" is the first-order differential per time). We are assuming that the electric load in all of the mode operations and the source supply voltages are 
Thus, v pvξ = u s V dclink . The differential Eq. (1) can be rewritten as follows:
Let us define a switching state function as follows:
In fact, the 3-phase IGBT bridge only has 8 permissible switching states, so that Eq. (5) can be written as follows:
where
Please note that δ ns has no zero-sequence component (i.e. Σδ ns = 0), and in analysis of the PV-DC source of the system (see Figure 1 ), we have:
and
Substituting in Eq. (2), we have (note that i pv1 = i pva , and i pv2 = i pvb ) :
Any vector on the abc stationary reference frame can be expressed on the dq0 synchronous reference frame using the Park transformation [32] . Thus, the transformation matrix to translate a current vector from the abc stationary reference frame to the dq0 synchronous reference frame is given by:
The resulting transformed model in the dq0 synchronous reference frame is given by:
Eq. (11) can be rearranged in the following form:
Let us choose x 1 = i pvd -ĩ pvd , x 2 = i pvq −ĩ pvq , and x 3 = V dclink -Ṽ dclink , where x 1 , x 2 , and x 3 are the state variables of the MFC system andĩ pvd ,ĩ pvq , andṼ dclink are the reference currents calculated from the load and the reference voltage at DC-link bus. Substituting these values into Eq. (12), we have:
where ∆ nd , ∆ nq are the steady-state switching functions and δ nd , δ nq are the global switching functions [26] .
The steady-state switching functions are given by:
Control strategy based on the Lyapunov function
According to Lyapunov's stability theorem [27] , a nonlinear system is a globally asymptotical stability if the Lyapunov candidate V(x) function satisfies the following properties (notation ∀x means that it is for all x).
In this paper, the Lyapunov function is defined as the storage energy of the MFC and it is given as:
Now substituting into Eqs. (13) and (15), we have the following.
Note thatṼ dclink ≫ x 3 and so can be approximated asṼ dclink + x 3 ≈Ṽ dclink , and then Eq. (17) can be rewritten as follows:
Eq. (18) shows that the Lyapunov function derivative always becomes negatively definite if the switching state functions are chosen as follows:
where G is the gain of the controller used in the MFC.
In order to ensure the global stability of the proposed control system, we establish the state equations of the MFC system at around the equilibrium point and assess its stability through the root locus method. The state equations of the MFC system can be obtained by substituting Eq. (19) into Eq. (13), where we have:
From Eq. (20), the characteristic equation of the closed-loop control system is given as:
If the resistance is ignored ( R pv = 0) and there is only the active POI to the utility grid in POI mode (i q = 0), the coefficients of Eq. (21) are defined simply as:
The root locus of the characteristic in Eq. (21) is shown in Figure 6 , where it is clear that all of the poles are in the left-half plane; therefore, one deduces that the system is globally stable. Please note that the choice of the gain of controller G is based on the fast response of the closed-loop system and the good quality of the HAS mode and power injection in the POI mode. In fact, the control system is sufficiently fast when the value of G is sufficiently large. However, this value relates to the efficiency operation of the MFC system, such that the value of G is often chosen as less than 1. In this work, the value of G is chosen as equal to 0.1. 
Simulation and experimental results
Simulation results
The proposed MFC, along with flexible control strategies based on Lyapunov's stability theory, are verified through simulation in the MATLAB/Simulink environment. The main purpose of the simulation is to test the flexibility of the control strategies used in a PVG in different modes. The specification parameters used in these simulations are given in the Table below. 
AC grid line-line voltage
1 Ω, L c = 1 mH k p (using in SOGI-PLL) 2.5 k i (using in SOGI-PLL) 0.02 Switching frequency f s = 10,000 Hz
First, we consider a fixed nonlinear load case (CB L1 is closed). Figure 7 illustrates the simulation results of the PVG in this case, where at 0.1 s, the control system is changed from POI mode to harmonic suppression mode (from POI mode to HAS mode). It can be seen from Figure 7 that the responses generated by applying the proposed MFC along with the Lyapunov control technique have brought us what we expected (satisfies the current and voltage harmonic limits as specified by IEEE-519-1992) [33] .
The power responses generated by applying the proposed PVG system (in phase a) are shown in Figure  8 . It is obvious that the load power is supplied by the maximum power extracted from the PV system and the main grid when the PVG is operated in POI mode (before t = 0.1 s). Alternately, when the PVG is operated in HAS mode (after t = 0.1 s), the load harmonic currents are eliminated (the corresponding THD of the supply current is reduced from 30.45% before t = 0.1 s to 4.92% after t = 0.1 s), while the power extracted from the PV system is almost 0 (see Figure 8 ). In addition, the harmonic voltage has changed very little over the operating modes (the THD changed from 0.81% to 1.61%).
We now consider a variable load from the linear load (the THD of the load current is less than the threshold THD) to the nonlinear load (the THD of load current exceeds the threshold THD) case. The change occurs at t = 0.1 s and happens through 2 circuit breakers, CB L1 and CB L2 . At that time, the PVG system will automatically change from POI mode to HAS mode. These figures show that the controller of the proposed MFC operates correctly in both POI mode and HAS mode. Moreover, similar to the fixed nonlinear load case above, the proposed MFC system always reaches the maximum power extracted from the PV system in POI mode and eliminates harmonic currents efficaciously (satisfies standard IEEE-519-1992) in HAS mode (see Figure 11 ), as we expect from its functions. The flexibility and rapidly dynamic response ability are also the advantages of the proposed MFC.
Experimental results
To confirm the effectiveness of the PVG with the proposed topology and control strategy, some experiments are done employing a laboratory test system on a 60-kVA setup. A TI TMS320F2812 DSP is used to implement the control methods based on Eqs. (14) and (18) . The control parameters are the same as those in the simulations (as shown in the Table) and can be changed through the keyboard. The PV arrays, voltage-source IGBT inverter, and DSP-based controller are shown in Figure 12 . The experimental results for the operation modes are shown in Figure 13 . From Figure 13 , it can be seen that the Lyapunov function-based controller of the proposed PVG is operated correctly in both POI mode and HAS mode. It is also shown that the proposed controller has good steady-state and dynamic response characteristics whether the load is changed or not.
Conclusion
This paper proposes a MFC with a Lyapunov function-based controller that allows the flexible control of the operating modes and always ensures the stability of the system. The MFC configuration and control principles were analyzed in detail. It was shown that the proposed Lyapunov function-based incorporated controller can operate at harmonic suppression and POI, which is more flexible than a conventional controller used in DG. In addition, the SOGI-PLL and SDFT techniques were used in this paper to contribute to the decrease in the phase errors, the time delay, and harmonic current extraction exactly. This makes the MFC operation more accurate and its dynamic responses faster. The simulation and experimental results were presented to validate the correctness and effectiveness of the proposed model.
It should be noted that using the same PVG structure for both the purpose of reducing the harmonic currents and POI will be very difficult to implement if using conventional control methods. However, in this paper, the control method is based on the energy function of the results achieved as we expected, and the global stability of the system was also validated through Eq. (21) and Figure 6 . This is a new contribution of this paper.
